The magnetic structure of Ca2MnReO6 double perovskite is investigated by neutron powder diffraction and bulk magnetization, showing dominant non-collinear Mn magnetic moments [4.35(7) µB] that are orthogonally aligned with the small Re moments [0.22(4) µB]. Ab-initio electronic structure calculations show that the strong spin-orbit coupling for Re 5d electrons combined with a relatively modest on-site Coulomb repulsion (U Re ef f 0.6 eV) is sufficient to render this material insulating. This is a rare example of spin-orbit assisted Mott insulator outside the realm of iridates, with remarkable magnetic properties.
The identification of a spin-orbit entangled Mott insulating state in Sr 2 IrO 4 triggered a quest for novel quantum phases in 5d-based materials [1] [2] [3] [4] [5] . In such systems with strong spin-orbit coupling (SOC), a Heisenberg Hamiltonian is not sufficient to describe the magnetic ground states and excitations, therefore alternative treatments may be necessary to describe the effect of anisotropic exchange interactions [5] . Also, the electronic correlations in 5d systems are relatively weak, and the atomic moments are normally small compared to the 3d counterparts. Alternating 3d and 5d ions in an ordered double perovskite structure offers a possible pathway to investigate ground states arising from the combination of strong SOC in 5d ions and strong electronic correlation in 3d ions. An example is Ca 2 MnReO 6 (CMRO), which was previously described as a ferromagnetic insulator with a small saturation magnetization of 0.9 µ B /f.u. and coercive field of 4 T [6] , also showing Mn valence close to +2 [7, 8] . Here, an unusual magnetic structure is demonstrated, with dominating Mn moments forming a largely canted sublattice, while weak Re moments are orthogonally aligned with Mn moments. Electronic structure calculations reveal that a combination of Re SOC and electronic correlations renders this material insulating, revealing a determinant role of the Re moments to the overall electronic and magnetic behavior of this material.
The polycrystalline CMRO sample was synthesized by solid state reaction [8] . dc-magnetization and magnetic susceptibility measurements were performed in a commercial platform. Cold neutron powder diffraction (c-NPD) measurements were taken at the G4-1 instrument of Laboratorie Léon Brillouin (LLB), using a highly oriented pyrolytic graphite (HOPG) monochromator with vertical focusing and λ = 2.43Å, a two-axis diffractometer and a BF 3 multicell detector with 80
• aperture and 0.1
• resolution. High resolution thermal neutron powder diffraction (t-NPD) measurements were also taken, and details are given in the Supplemental Material (SM) [9] . The sample was kept sealed under He atmosphere in a vanadium can and mounted into the cold finger of a LHe cryostat. The powder diffraction data were independently analysed using the Fullprof [10] and GSAS [11] suites, with similar results. The refined degree of Mn/Re antisite disorder is 0.6(7) %. The Re 6+ magnetic form factor was taken from Ref. [12] . Ab-initio electronic structure calculations were carried out with relativistic Density-Functional Theory using the QUAN-TUM ESPRESSO package [14] under the Generalized Gradient Approximation, using the Perdew, Burke, and Enzerhof exchange-correlation potential [15] and the Projector Augmented Wave method [16, 17] . The energy cuttoffs for the wavefunctions and charge density were 57 and 702 Ry, respectively. The atomic-projected magnetizations were obtained by a self-consistent field (scf) calculation using a 6 × 6 × 4 Monkhorst-Pack grid of kpoints. The density of states was obtained from a subsequent non-scf calculation with a denser 12 × 12 × 8 k-point grid, using 0.03 eV Gaussian broadening. The experimental crystal structure was employed as input of our calculations.
Figure 1(a) shows M (T ) curves of CMRO for H = 0.1 and 5 T. The zero-field cooled (ZFC) magnetization with H = 0.1 T is negligible up to 70 K, shows a peak at T max = 100 K and a paramagnetic transition at T c = 121 K. The H = 0.1 T field-cooling (FC) curve follows the ZFC one above T max , retaining a significant magnetization (∼ 0.5 µ B /f.u.) below T max . The H = 5 T FC magnetization also shows a transition at T c and a peak at T max , reaching M = 0.7 µ B at the base T . The inverse magnetic susceptibility χ −1 taken with H = 0.1 T, also shown in Fig. 1(a) , follows a Curie-Weiss law in the high-T limit, χ −1 = (T − θ CW )/C with θ CW = 70 K and C = 1.42×10 −2 Km 3 /mol, with relevant deviations from this law below ∼ 150 K [see Fig. 1(a) ]. The positive value of θ CW indicates mostly ferromagnetic exchange interactions between the dominant magnetic moments. Alternatively, a fit to a two-sublattice paramagnetic model, Fig. 1(b) , showing a squared curve with large coercive field H c = 4 T, characteristic of significant magnetocrystalline coupling, and remnant magnetization M rem = 0.5 µ B /f.u., in line with Ref. [6] .
Figure 2(a) shows the c-NPD profile of CMRO at T = 300 K. t-NPD data are shown in the SM [9] . The intensities could be well modeled by a monoclinic double perovskite structure with space group P 2 1 /n, as indicated by the solid lines of Fig. 2(a) . Refined structural parameters at selected T , using t-NPD data, are also given in the SM [9] . The T -dependence of the refined lattice parameters is shown in Fig. 3(a) . An anomalous contraction of c and expansion of b are observed on cooling below T c . principle, the magnetic (Shubnikov) groups P 2 1 /n and P 2 1 /n are allowed with non-zero magnetic moments on Mn or Re sites. The former corresponds to an A-type antiferromagnetic (A-AFM) structure with the magnetic moments in the ac plane with a possible ferromagnetic (FM) component for the moments along the monoclinic principal axis b, while for the primed group the FM component is within the ac plane and the A-AFM moments are oriented along b. The significant monoclinic distortion of CMRO allows for an unambiguous determination of the magnetic group, in contrast to the previously studied case of Sr 2 MnReO 6 with a quasi-cubic cell [12, 18] . In fact, the presence of a strong (010) magnetic reflection, clearly separated from (100) [see Fig. 2(b) ], shows that the A-AFM moments are not oriented along b, and therefore the P 2 1 /n magnetic group is the correct one for CMRO. Still, two possible magnetic structures provide exactly the same magnetic Bragg intensities. Formally, they differ by reversing the sign of the small FM component M y (Mn). In the magnetic structure of Figs Fig. 1 ). Due to the weakness of the Re moment, its component along b, i.e., its minor contribution to the already small overall FM signal, could not be obtained, being fixed at zero. Figure 2(b) shows the fitting of c-NPD data to the model described above. Figure 3 (b) shows the T -dependence of the Mn and Re moment components, while the total moments are given in Fig. 3(c) . Both Mn and Re total moments decrease on warming, critically approaching zero at T c = 121 K, consistent with bulk magnetization data. Notice that M y (Mn) increases slightly between ∼ 80 and 100 K, reaching M y (Mn)= 1.2(2) µ B at 95 K, consistently with the magnetization maximum found in this T range [see Fig. 1(a) ]. This effect is analyzed in term of direction cosines [see Fig. 3 • of the Mn sublattice with respect to a collinear A-AFM structure, while the Re moments make an angle of 100 (7) • with respect to the Mn moments at the same z. An attempt to force a collinear magnetic alignment for Mn and Re atoms led to substantially worse fitting quality, and the Re moment converged to zero within statistical error. This analysis reinforced the conclusion that a nearly orthogonal alignment of Mn and Re ions takes place, which is suggestive of dominant antisymmetric (Dzyaloshinskii-Moriya) exchange and/or single ion anisotropy energy contributions in comparison to the symmetric (Heisenberg) exchange that is normally dominant in 3d transition metal oxides. This is surprising considering the relatively large value of the magnetic ordering temperature of this material (T c = 121 K), while antisymmetric exchange coupling is normally in the range of 1 K in 3d transition-metal compounds. Comparable results with orthogonal Mn and Re mo- ment alignment were reported for the related compound Sr 2 MnReO 6 [12, 18] . However, ferrimagnetic (FiM) contributions to the Bragg peaks are dominant over the A-AFM ones for Sr 2 MnReO 6 [12] , in opposition to our results for CMRO. Another analog material is the pseudocubic Ba 2 MnReO 6 , in which Mn moments show a noncollinear structure with a dominant FM component and a canting of 25
• between successive (001) planes [19] . This indicates that compounds of this family consistently show largely non-collinear magnetic structures.
To gain insight into the origin of the exotic magnetic structure of CMRO, ab-initio electronic structure calculations were performed. Figure 4(a) shows the total and atom-projected density of states near the Fermi level (E = 0) given by a preliminary calculation with collinear magnetic moments using Coulomb (U ) and exchange (J) parameters U (Mn) = 6.9 eV, J(Mn) = 0.86 eV (Ref.
[20]), U (Re)= J(Re)= 0, and without considering SOC. With such parameters, the ground state is found to be half-metallic with FiM ordering of Mn and Re moments. The energy levels at the vicinity of E = 0 show mostly Re 5d character, with significant mixing with O 2p levels but negligible participation of Mn 3d states. An alternative calculation performed with initial atomic magnetization defining an A-AFM structure converged into a metastable A-AFM state, with higher energy with respect to the FiM ground state (E AF M − E F iM = 51 meV/f.u.). The energy difference between the A-AFM and FiM states decreases by increasing the Re on-site Coulomb parameters, with a crossover to an A-AFM ground state for U ef f (Re)> 2.2 eV. Inclusion of Re SOC has a large impact in the electronic structure near E = 0. ions with half-filled 3d band are isotropic with zero orbital magnetic moments, making the observed canted magnetic structure and magnetic hardness of this material difficult to interpret based upon the Mn moments alone. Thus, the Re 5d moments, albeit very weak, must have an important role in the magnetic properties of this material. In fact, the large Re-O hybridization may produce significant orbital polarization also in the oxygen ions that mediate the Mn-Re and Mn-Mn exchange interactions. These ingredients lead to an unusual magnetic structure for this material that cannot be trivially rationalized in terms of paradigms built upon traditional 3d transition-metal magnetism with much weaker effects of relativistic SOC. Further theoretical and experimental investigations are necessary for a deeper understanding of this remarkable behavior.
In summary, neutron diffraction on Ca 2 MnReO 6 reveals a non-collinear magnetic structure where the Mn moments are largely canted (21
• ) and the small Re moments are almost orthogonally aligned with the Mn ones. The large SOC of Re 5d electrons is identified as a de-cisive ingredient leading to the insulating state and the exotic magnetic structure of this material.
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